This research is aimed to evaluate the effect of copper on biomass growth, laccase activity and isoenzymes composition of Pleurotus sajor-caju, and its ability to grow on effluents of the citrus industry. The inhibitory effect of copper on growth was evidenced especially after 14 days of culture in the presence of the highest concentration of copper (1 mM) reducing almost three times its growth. The highest enzyme activity was reached at the 10th day of treatment, with ~ 53 U/L for the medium without copper and ~ 121 and ~ 68 U/L for medium supplemented with 0.5 and 1mM, respectively. Laccases in cell-free extracts obtained from culture added with copper showed to be more stable for more time at temperature changes. The optimum temperature for laccase activity increased from 50 to 60 ºC by effect of copper while the optimal pH was 5 in all experiments. In gels, it was possible to observe two isoenzymes of 65 and 35 kDa whose expression varied according to incubation time. Moreover, the isoenzyme of low molecular weight was induced by the presence of effluent in solid medium. P. sajor-caju had the ability to grow on effluents from the citrus industry, showing tolerance and potential for waste treatment, constituting a possible alternative to biodegrade and reduce the contaminating impact of effluents.
medios suplementados con 0.5 y 1 mM, respectivamente. Las lacasas en los extractos libres de células obtenidas del cultivo agregado con cobre mostraron ser más estables por más tiempo a los cambios de temperatura. La temperatura óptima para la actividad de lacasas aumentó de 50 a 60 ºC por efecto del cobre, mientras que el pH óptimo fue de 5 en todos los experimentos. En los geles fue posible observar dos isoenzimas de 65
INTRODUCTION
White rot fungi (WRF) are the only organisms capable to degrade efficiently recalcitrant wood polymer-lignin ). This process is due to the fact that they have an oxidative enzymatic system, a group of extracellular ligninolytic enzymes . They usually involve enzymes such as lignin peroxidase (LiP, EC 1.11.1.14), able to oxidize directly non-phenolic units, whilst manganese peroxidase (MnP, EC 1.11.1.13) and laccase (Lac, EC 1.10.3.2) preferentially oxidize phenolic compounds, although non-phenolic units may eventually be degraded in presence of mediators (Fonseca et al. 2015) .
Laccases are part of the family of multicopper oxidases (MCOs), which couple the oxidation of substrates to the four-electron reduction of O 2 to H 2 O. MCOs contain a minimum of four Cu's divided into Type 1 (T1), Type 2 (T2), and binuclear Type 3 (T3) Cu sites that are distinguished based on unique spectroscopic features. Substrate oxidation occurs near the T1, and electrons are transferred approximately 13 Å through the protein via the Cys-His pathway to the T2/T3 trinuclear copper cluster (TNC), where dioxygen reduction occurs (Jones and Solomon 2015) . In search for new, efficient and environmentally benign processes several industries have increased interest in these essentially 'green' catalysts, like laccases that only produce water as by-product concomitant with the reduction of oxygen (Riva 2006) . Laccases are able to catalyze the monoelectronic oxidation of various substrates (e.g., phenols, and aromatic or aliphatic amines) to the corresponding radicals, using molecular oxygen as the final electron acceptor (Jeon et al. 2012 ). Due to the wide range of substrates, laccases have been used to degrade xenobiotic compounds (Balcázar-López et al. 2016) , decolorization of Kraft liquor effluents (Fonseca et al. 2014a) , detoxification strategies for ethanol production from lignocellulosic biomass (Moreno et al. 2012) , and fabrication of biosensors (Palanisamy et al. 2017) .
Laccases have many applications, especially in the area of bioremediation. The non-specific nature of such enzymes allows them to degrade a wide variety of persistent environmental pollutants (Barr and Aust 1994) , including dyes (Robinson et al. 2001 , Wesenberg et al. 2003 , that is why they are involved in many environmental and biotechnological applications. They can be applied to degrade nondesirable toxic compounds, secondary products or waste materials. The published information reflects the significant industrial potential of laccases in the environment (Budolla et al. 2014) .
Regulation of laccase expression by metals is widespread in fungi (Piscitelli et al. 2011) ; thus, laccase gene transcription is often regulated by metal ions (Collins and Dobson 1997) .
A range of heavy metals induces the expression of these genes, with regulation operating via a metalregulatory protein which functions both as a metal receptor and as a trans-acting transcription factor (Soden and Dobson 2001) . One metal that regulates and also enhances the activity of laccase is copper, which could act at the pre-transcriptional level regulating the beginning of the process (Fonseca et al. 2014b ).
The WRF Pleurotus sajor-caju is a member of the oyster mushroom family. This basidiomycete secretes a range of enzymes, most notably laccases, enabled to grow on a variety of different substrates. In Misiones (Argentina), several WRF such us Pleurotus sajor-caju with laccase activity, have been described leading to interesting possibilities for biotechnology as for example in the Kraft liquor decolorization ability on lignin-rich effluents (Fonseca et al. 2015) .
The aim of the present work was to evaluate the effect of copper on biomass growth, laccase activity and isoenzymes composition of P. sajor-caju, as well as its ability to grow on effluents of the citrus industry.
MATERIAL AND METHODS

Microorganism and maintenance
The Pleurotus sajor-caju strain used in the present work was previously isolated from the subtropical rainforest of Misiones (Argentina) and was deposited at the Culture Collection of the Faculty of Forestry, Universidad Nacional de Misiones, Argentina. Fungal strain was maintained on malt extract agar (MEA) solid medium (12.7 g/L malt extract, 20 g/L agar) plates at 4 ºC and periodically subcultured.
Growth conditions and induction of laccase
One agar plug (36 mm 2 ) of Pleurotus sajor-caju growing on 5-7-day-old MEA plates was cut and transferred to 50 mL liquid medium in 250 mL Erlenmeyer flasks and incubated at 29 ºC in steady-state conditions. Copper addition assays were carried out at concentrations of 0.5 and 1 mM CuSO 4 and were added to liquid medium (ME) containing 12.7 g/L malt extract and 5 g/L corn step liquor to study their effect on laccase production, growth and isoenzyme pattern as described previously . Each experiment included a control without CuSO 4 . The initial pH was adjusted to 4.5 with HCl 0.1 N before sterilization. The inoculated medium was incubated for 5, 7, 10 or 14 days, then liquid media was separated from the supernatant mycelia by filtering in a Büchner funnel using fiberglass filters (GF/C) and frozen at −20 ºC until use. All experiments were made in triplicate.
Biomass and protein determination
Biomass dry weight was determined by the difference between the fiberglass filters (GF/C) weight before and after filtration through a Büchner funnel and subsequent drying at 80 ºC till constant weight .
Protein determinations were done according to the dye-binding method of Bradford (1982) , by micro-test using the Bradford technique (BioRad) following manufacturer's instructions with bovine serum albumin as the standard.
Laccase quantification assay
Laccase activity was assayed as described by Fonseca et al. (2010) at 30 ºC using 5 mM 2,6-dimethoxyphenol (DMP) as substrate in 0.1 M sodium acetate buffer (pH 3.6) (Field et al. 1993) . The absorbance increase of the reaction mixture was monitored at 469 nm (ε 469 = 27.5 mM/cm) in a Shimadzu UV-3600 spectrophotometer. Enzyme activity was expressed as International Units (U), defined as the amount of enzyme needed to produce 1 µmol of product min -1 at 30 ºC.
Laccase activity and stability
Laccase activity in culture supernatants was tested at pH 3.6-5.6 in 50 mM sodium-acetate buffer using DMP as substrate. After determining the optimum pH, laccase activity was measured in the range 10 to 70 ºC. Laccase thermostability was evaluated at optimal pH by incubating the enzyme preparation at 30, 40, 50, 60 and 70 ºC and testing its residual activity at several times during 21 h. The effect of pH on the stability of laccase was evaluated at optimal temperature and determined at pH 3.6, 4.8 and 5.6,. The remaining activity was determined at several periods of time during 12 h.
Statistics analysis
Two-way ANOVA with Bonferroni post-test was performed using GraphPad Prism 4.00 for Windows (GraphPad Software, San Diego, CA, USA).
Polyacrylamide gel electrophoresis
Cell-free filtrates were subjected to native polyacrylamide gel electrophoresis (ND-PAGE, 7.5 % w/v). After protein separation, gel was incubated in 0.1 M sodium acetate buffer containing 5 mM DMP for laccase activity detection . After a 5-min incubation, the DMP solution was discarded and gel was immediately scanned with Scanner HP Deskjet F300 All-in-One series. In order to determine laccase isoenzymes molecular weight, an electrophoretic separation by SDS-PAGE (7.5 % w/v), followed by a subsequent renaturation and detection technique was performed as previously described in literature (Fonseca et al. , 2013 ) and compared with a molecular weight marker (Amersham ECL Rainbow Marker-Full range, GE Healthcare).
Growth assay and laccase secretion on solid culture with colored effluent
Growth was studied in Petri dishes (solid media). Mycelial plugs 1 mm in diameter were inoculated onto plates with MEA medium containing the colored effluent generated in the production of juices and citrus essential oils provided by Cooperativa Citrícola Agroindustrial de Misiones Ltda. (CCAM, Leandro N. Alem) at concentrations of 25, 50 and 100 %. MEA without effluent was used as control. The pH was adjusted to 4 with 0.1 N HCl in all cases. Plates were incubated for 10 days at 30 ºC and the diameter of the colony was measured daily.
Fungal growth was modeled by using a logistic equation (Dantigny et al. 2011 ) modified by Bevilacqua et al. (2016) :
where D is the diameter of the fungal colony; D max the maximum diameter (set to 85 mm, corresponding to the diameter of the plates); k the rate of fungal growth on plate (cm day −1 ); τ the time needed to attain half of D max (days), and t the time (days). Adjustment was performed through the software InfoStat 2016p using a least square approach with non-linear regression (Di Rienzo et al. 2016) . Fungal growth τ was standardized as Δτ = τcitrus effluent-τC, where τcitrus effluent and τC are the values from medium supplemented with citrus effluent and control culture, respectively. A positive value of Δτ proved growth fungal inhibition in response to citrus effluent.
In parallel, using the same experimental conditions, laccase activity was revealed for which the plate was covered with 1.2 mM ABTS [2,2'-azinobis(3-ethylbenzothiazoline-6-sulphonic acid)] in acetate buffer pH 4.5 and incubated in dark for 20 min; on the other hand, it was also revealed with 5 mM of DMP in the same buffer. The appearance of green and orange colors in the solid media, respectively, indicated a positive result (Fonseca et al. 2015) . At the same time, another assay was carried out to determine the laccase specific activity in plates with effluents. The content of the plates was frozen at 20 ºC for 24 h, then thawed centrifuged (15 min, 10 000 g) and the supernatant was used for sowing in SDS-PAGE as previously described.
RESULTS
Effect of Cu 2+ addition on mycelia biomass weight and protein secretion
In figure 1a , it is possible to observe the effect of Cu 2+ addition on mycelial biomass and secreted proteins. The inhibitory effect of copper on P. sajorcaju growth was evidenced especially at the 14th day of culture (p < 0.001). The growth in presence of the highest concentration (1 mM) of copper reduced almost three times its growth. Copper treatments with 1 mM produced significant protein increases at the 5th day of culture, while treatments with 0.5 mM or without copper did not show differences (p < 0.05) (Fig. 1a) .
Effect of Cu 2+ addition on laccase activity and enzymatic profile
In figure 1a, c it is possible to observe the effect of Cu 2+ addition on laccase activity and isoenzymatic patterns. At the 10th day of incubation, laccase activity increased significantly (p < 0.001) in cultures supplemented with Cu 2+ . This increment was dosedependent and significantly higher with 0.5 mM of CuSO 4 (p < 0.001). The highest enzyme activity was reached at the 10th day for all treatments, with ~ 53 U/L for the medium without copper and ~121 and ~ 68 U/L for medium supplemented with 0.5 and 1mM Cu, respectively. The zymogram analysis showed two isoenzymes, one of 65 kDa and another of 35 kDa (Fig. 1b, c) . On days 5 and 7 it was possible to observe the presence of an enzyme of greater mobility with 35kDa, and on days 10 and 14 two isoenzymes of 35 and 65 kDa were visible.
Laccase activity and stability
We determined the optimal temperature and pH for laccase activity in culture supernatants originated in different treatments, as shown in figure 2. In the absence of copper, the optimal temperature was 40-50 ºC and in culture supernatants supplemented with 0.5 and 1 mM, these enzymes exhibited maximal activity at 50-60 ºC. The optimal pH value for laccase in all treatments was 5 (Fig. 2) .
The enzymatic stability of Laccase present in supernatants obtained in the medium with and without copper was also evaluated at different pH values and temperatures.
Regarding thermostability, laccase activity was kept during 21 h above 50 % at 30 ºC, and for more than 21 h at 40 ºC, while at 50 and 60 ºC the half-life showed double activity in presence of copper, turning down dramatically at 70 ºC ( Table I) .
The laccase enzyme showed high pH stability, keeping a constant activity after 12 h of incubation at pH 5, while half-life was 5 and 7 h at pH 3.6 and 7 and 10 h at pH 4 in absence and presence of copper, respectively.
Effect of colored effluent on laccase growth and secretion
The inhibitory effect in the effluent on P. sajorcaju was studied in three concentrations. P. sajor-caju grew up quickly in the medium control (τ = 6.85 days) while its growth decreased in presence of 25 % of effluent (τ = 2.5 days) and showed absolute growth inhibition with the addition of 50 and 100 % of effluent.
The presence of effluent in the culture medium at a concentration of 25 % delays four days the fungal growth (Δτ = 4.35 days) (Fig. 3) .
Laccase secretion with greater specific activity was evidenced in the presence of effluents of the In the absence of effluent, the enzyme of 65 kDa was evidenced, while in the presence of effluent the expression of another isoenzyme of lower molecular weight (35 kDa) was induced (Fig. 4) .
The fact that P. sajor-caju grew up in the presence of effluent indicates its potential use for bioremediation of citrus industries effluents.
DISCUSSION
Copper is an essential heavy metal for fungal growth, a micronutrient and also an activator of several enzymes in fungal and pigment synthesis. However, CuSO 4 at high concentrations turned into an inhibitor for mycelial growth in P. sajor-caju, which was also observed in P. otreatus by Patel et al. (2009) due the toxic effect when it is added in excess. Regarding the proteins secreted, the highest concentration of copper tested only on the 5th day showed a greater amount of protein. These results were opposed to those reported for P. ostreatus by Palmieri et al. (2000) , where a decrease of protein secretion was observed.
Almost all species of WRF were reported to produce laccase to a varying degree (Hatakka 1994) . After screening several WRF strains, P. sajor-caju evidenced laccase activity and also showed high phenol oxidation rates, indicating the significance of additional approach to evaluate a potential biotechnological application (Fonseca et al. 2015) .
The inducing effect of copper on laccase activity of P. sajor-caju was both dose-and time-dependent, as it was also observed by Zhu et al. (2016) regarding P. ostreatus. Our results indicate that smaller amounts of Cu 2+ gave better results in shorter times.
Laccases are generally extracellular monomeric glycoproteins with molecular weights ranging from 60 to 80 kDa, and up to 30 % of their molecular weight can be made up of carbohydrates (Thurston 1994 , Giardina et al. 2010 . Two isoenzymes could be detected, one in the expected range of 65 kDa and another of lower molecular weight, 35 kDa. Other authors, such as Wang and Ng (2006) , have also described a 34 kDa laccase for Pleurotus eryngii, suggesting that low molecular weight of these enzymes may be present due to the fact that they are constituted by two catalytic domains instead of three (Nakamura and Go 2005) .
The supernatants containing laccase activity produced by P. sajor caju reached a half-life higher that 21 h at 30 and 40 ºC, which could be very important for production in bioreactors without the necessity of refrigeration. In addition, it is important to know the enzymatic stability to estimate the replacement time of the enzymatic process.
Generally, fungal laccases have higher activity at more acidic pH levels and the optimal temperature may vary between 50 and 60 ºC (Baldrian 2006) . Copper increased the range of temperature optimal activity and allowed to improve the stability as a function of pH and temperature in the presence of both 0.5 or 1 mM concentrations. These changes may be due to modifications of the enzymatic structure due to changes in glycosylation patterns (Xiao et al. 2006) . It is known that the pattern of glycosylation affects the stability of laccase in basidiomycetes (Maestre-Reyna et al. 2015) . In studies conducted on eukaryotic cells, metals such as copper have been added to cell culture media and were all shown to alter the glycosylation levels of diverse proteins in unique cell lines (Yuk et al. 2015) . The carbohydrate portion of laccase ensures the conformational stability of the protein part and protects the enzyme from proteolysis and inactivation by radicals (Morozova et al. 2007 ).
The role of laccases in the degradation of lignin in nature has been extensively reported ). These lignin-degrading enzymes are directly involved not only in the degradation of lignin in their natural lignocellulosic substrates but also in the degradation of various xenobiotic compounds, including dye (Gulzar et al. 2017 ) and recalcitrant compounds found in effluents, helping thus the tolerance and survival of fungus in hostile environments. In this sense, P. sajor-caju could be ranked as promising polychlorinated biphenyls degraders of chlorinated organic pollutants (Sadañoski et al. 2018) .
This work demonstrated that P. sajor-caju may grow with effluents from the citrus industry up to a concentration of 25 %, and also that it is possible to detect laccase activity, which could have helped in the degradation of toxic compounds. Moreover, it provided evidence of the existence of an isoenzyme of low molecular weight (35 kDa) induced by the presence of the citrus industry effluent in solid medium.
The inhibitory effects observed at higher concentrations could be due to the toxic nature of the effluent. Recalcitrant compounds and growth inhibitors liberated during the extraction process, such as fungicides, disinfectants and terpenes, may be interfering with mycelial growth.
CONCLUSIONS
The presence of copper induced significant changes in laccase concentrations, allowing to obtain the highest levels of activity 10 days after incubation with a concentration of 0.5 mM, which showed an inhibitory effect on the growth of P. sajor-caju, being more accentuated at higher concentrations. Laccases in cell-free extracts from the culture with added copper, showed more stability for longer periods with changes of temperature than those without copper, and also high stability with different pH both in the absence and presence of copper.
The optimum temperature for laccase activity increases from 50 to 60 ºC due to the copper effect, while the optimal pH was 5 in all the experiments.
On days 5 and 7 of culture, it was possible to observe an enzyme with greater mobility (35 kDa), while at 10 and 14 days of incubation two isoenzymes of 65 and 35 kDa were observed in all conditions. Moreover, the enzyme of low molecular weight was induced by the presence of the effluent in solid medium.
P. sajor-caju had the ability to grow on effluents from the citrus industry, demonstrating tolerance and a potential for waste treatment, constituting a possible alternative to biodegrade and reduce the contaminating impact of effluents.
